Culture supernatants of nontoxigenic nonepidemic clinical strains of Vibrio cholerae belonging to diverse serogroups were found to induce vacuolation of nonconfluent HeLa cells. The vacuoles became prominent 18 h after introduction of culture supernatant, and vacuolated cells survived for 48 h and then died. Only a fraction of the vacuolated cells took up neutral red dye, implying that there were differences in the vacuolar microenvironment. Further tests showed that the factor responsible for vacuolation was heat labile and proteinaceous. Vacuolating activity was completely neutralized by antibody to hemolysin of V. cholerae but not by antibody to vacuolating cytotoxin of Helicobacter pylori. Partial purification of the vacuolating factor led to elution of fractions, which showed both hemolytic and vacuolating activity. PCR amplification and cloning of the hemolysin structural gene (hlyA) into Escherichia coli DH5␣ led to isolation of clones producing cell vacuolating factor in a cell-associated form. Further, a null insertion mutation in the hlyA gene of a high-vacuolatingfactor-producing strain led to complete abolition of both cell vacuolating and hemolytic activities. These analyses establish vacuolation as a potentially important but previously unrecognized property of V. cholerae El Tor hemolysin.
Much of the virulence of bacterial pathogens is initiated by secreted factors that induce specific biochemical changes in host tissue, culminating in pathology and disease. Cholera toxin (CT), the potent secretory toxin produced by toxigenic strains of Vibrio cholerae, is critically involved in key features of the disease cholera. Other putative factors, including zonula occludens toxin (Zot), accessory cholera enterotoxin (Ace), El Tor hemolysin, Shiga-like toxin, and heat-stable toxin, are reportedly produced by virulent strains of V. cholerae and are thought to contribute to the disease process (12) . Despite attenuation of several virulence genes in recombinant candidate vaccine strains of V. cholerae, a safe and efficacious vaccine still eludes us. The residual diarrhea caused by genetically attenuated live oral vaccine strains of V. cholerae O1 prompted us to look for new factors secreted by V. cholerae.
One means of assessing the toxicity of the secreted products of bacterial pathogens is to study the effect of culture supernatants on eukaryotic cell lines (12) . In this context, we have previously reported that cell-free culture supernatants of V. cholerae strains induced morphological changes, including elongation and rounding in eukaryotic cells (18, 21, 23) . We initiated the present study to examine the mechanism as to how nontoxigenic nonepidemic V. cholerae strains are able to cause a disease that resembles cholera in absence of already known virulence determinants, especially CT, found in their toxigenic epidemic causing counterparts. While attempting this, we observed that some clinical strains of V. cholerae induce vacuolation on HeLa cells, which seemed reminiscent of that induced by VacA cytotoxin of H. pylori (6) . Given that the vacuolating cytotoxin (VacA) of H. pylori is implicated in the etiology of peptic ulcer (6) , it seemed that V. cholerae-induced vacuolation would also contribute to the disease it causes. In this study, we provide evidence that the El Tor hemolysin of V. cholerae induces cell vacuolation in HeLa cells.
MATERIALS AND METHODS
Bacterial strains and plasmids. A collection of 110 V. cholerae strains belonging to different serogroups, each from different diarrheal patients from different parts of India, were used in this study. V. cholerae CO848b belonging to the O26 serogroup was used for purification of the cell vacuolating factor. The strains were biochemically characterized, and their serological identity was determined by using specific antisera; they were then further tested for the presence of virulence genes such as ctx, zot, and ace by PCR assays described previously (9, 18) . Escherichia coli strains and plasmids used in this study are shown in Table 1 . Strains were grown on Luria agar containing appropriate antibiotics when required. The antibiotics used were purchased from Sigma (St. Louis, Mo.) and were used in the following concentrations: streptomycin (1 mg/ml), kanamycin (50 g/ml), tetracycline (12.5 g/ml for E. coli and 2 g/ml for V. cholerae), and ampicillin (100 g/ml).
Tissue culture assay. AKI medium (1.5% Bacto-Peptone, 0.4% yeast extract, 0.5% NaCl, 0.3% filter-sterilized NaHCO 3 ; pH 7.4) (10) was used to grow the V. cholerae strains at 37°C for 16 h in a rotary shaker at 100 rpm. The culture supernatant, obtained by centrifugation at 4°C at 10,000 ϫ g was filter sterilized by using 0.22-m-pore-size disposable filter units (Sigma), and the resultant cell-free culture filtrate (CFCF) was used for assay of vacuolating activity. HeLa cells were grown in Dulbecco modified Eagle medium (DMEM; Gibco Laboratories, Grand Island, N.Y.) supplemented with 10% horse serum and transferred from the growth flask to 96-well tissue culture plates (Nunc, Roskilde, Denmark), where the density of cells per well was maintained at 60 to 70% confluence. CFCF was serially diluted in DMEM containing 2% horse serum (Gibco) and added to cultured cells maintained in DMEM containing 2% horse serum. Cells were then incubated at 37°C in a humidified 5% CO 2 atmosphere (Kendro Laboratory Product, Haraeus Instruments, Hanau, Germany) for 24 h. Morphological changes were observed by using an inverted microscope. The titer of the cell vacuolating activity in a sample was defined as the reciprocal of the highest dilution showing 50% vacuolation of HeLa cells.
Protease assay. A freshly prepared concentrated culture supernatant of V. cholerae strain CO848b was incubated with 2.5 U of insoluble proteinase K-bead suspension at 37°C for 1 h. As a control, the supernatant was incubated under the same conditions without added protease. After incubation, the beads were elim-inated by centrifugation at 3,000 ϫ g for 1 min, and the supernatants were tested on nonconfluent HeLa cells after serial dilution as described earlier (17) .
Purification of cell vacuolating factor. Strain CO848b was grown in AKI medium for 16 h at 37°C with shaking (100 rpm) and then centrifuged at 4°C to obtain the culture supernatant. A cocktail of protease inhibitors (Sigma) was added to the supernatant to inhibit protease activity, and the supernatant was concentrated by ultrafiltration by using XM50 membrane (Millipore, Bedford, Mass.) and assayed for cell vacuolating activity. It was applied to a Sephacryl S-200 HR (Sigma) column (Pharmacia; 16 by 40 cm) preequilibrated with Tris-EDTA buffer (pH 7.4), and eluted fractions were assayed for cell vacuolating activity on nonconfluent HeLa cells.
Assay for hemolytic activity. Culture supernatants of test strains and fractions obtained after gel chromatography were assayed for hemolytic activity. Freshly prepared 1% rabbit erythrocytes were treated with an equal volume of serially diluted concentrated culture supernatant of strain CO848b grown in AKI medium, as were fractions showing vacuolating activity after gel chromatography. Purified El Tor hemolysin (a gift of K. Banerjee, National Institute of Cholera and Enteric Diseases, Calcutta, India) mixed with 1% rabbit erythrocytes was used as positive control. The mixtures were incubated at 37°C for 1 h and centrifuged at 2,000 ϫ g for 3 min. The optical density at 540 nm (OD 540 ) of the supernatant was read, and the hemolytic titer was calculated as the ratio of OD 540 (test)/OD 540 (control). A curve of the reciprocal titer versus the fraction number was plotted.
Neutralization assay. Equal volumes of serial dilutions of 50-fold-concentrated culture supernatants were mixed with equal volumes of 1:2-diluted polyclonal anti-El Tor hemolysin antiserum (also a gift of K. Banerjee) or anti-H. pylori VacA neutralizing antiserum (20) (a gift of Hisao Kurazono, Department of Medical Technology, School of Health Sciences, Okayama University, Okayama, Japan) and were incubated for 1 h at 37°C. These were then added to nonconfluent HeLa cells and incubated overnight at 37°C in a humidified 5% CO 2 atmosphere.
Neutral red assay. A stock solution (10%) of purified grade neutral red (Sigma) was used for staining vacuolated cells. The staining solution was prepared before each experiment by diluting the stock solution 1:10 in Hanks balanced salt solution. After incubation with test samples for 21 h, the medium overlaying the HeLa cells was removed and 100 l of staining solution per well was introduced for 4 min. The cells were then washed twice with 150 l of 0.9% saline per well and observed under an inverted microscope to visualize the neutral red uptake by cells.
PCR amplification and cloning of hlyA gene from strain CO848b. A phenolchloroform method was used for DNA extraction (19) . Amplification of hlyA gene from strain CO848b was done by using the following primers: hlyA (forward), CTG TCT AGA [XbaI] AGT GAG GTT TAT ATG CCA AAA CTC AAT CGT; hlyA (reverse), CTG CTC GAG [XhoI] TTA GTT CAA ATC AAA TTG AAC CCC TTT CAC CAA; and hlyB (reverse), GAT CCG ATT TTG CAC TTC GCC TAC CACT. These primers were designed from the El Tor hlyA sequence determined previously (3, 15) . The composition of the 20 l of PCR reaction mixture was as follows: 2.0 l of 10ϫ amplification buffer (500 mM KCl, 100 mM Tris HCl [pH 8.0]; 0.1% Triton X-100), 2 l of 25 mM MgCl 2 , 2 l of 2.5 mM concentrations of deoxynucleoside triphosphates, 1 l (10 pmol/l) each of the hlyA primers, 0.2 l (5 U) of Taq polymerase (Promega), 1 l of template DNA, and 10.8 l of MilliQ water. The solution was overlaid with a drop of sterile mineral oil (Sigma), and PCR was performed in an automated thermal cycler (Perkin-Elmer, Norwalk, Conn.) for 30 cycles with the following cycling condition: denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 2 min. Amplified products were electrophoresed on 2% agarose gels and stained with ethidium bromide. A 1-kb molecular size ladder (New England Biolabs) was run in each gel.
The PCR product was purified by using a Qiagen PCR purification kit (Qiagen, Inc.), digested with the restriction enzymes XbaI and XhoI (cleavage sites in primers), and ligated with XbaI-and XhoI-cleaved pBluescript plasmid vector DNA to ensure transcription of the cloned hlyA DNA from the vector promoter. The ligated vector (pRM)-target DNA mix was transformed into competent E. coli DH5␣ cells following CaCl 2 treatment (14) . Transformants were selected on Luria agar containing ampicillin (100 g/ml), isopropyl thiogalactosidase (40 g/ml), and 5-bromo-4-chloro-3-indolyl-D-galactopyranoside (X-Gal) (40 g/ml), and white colonies were tested for inserted DNA by PCR essentially as described above.
Generation of hlyA null insertion mutant in strain CO848b. To construct a hlyA null insertion mutant, a Tet r cartridge was cloned into a unique HpaI site in hlyA in the pBluescript hlyA clone (position 629 in the 2,223-bp open reading frame). The hlyA gene which was cloned into plasmid pRM was digested with HpaI enzyme to delete a 400-bp internal fragment (11) and then ligated to a blunt-ended 1.4-kb tetracycline fragment to generate the plasmid pRM1 ( Table  1) . The 1.4-kb tetracycline fragment was obtained after digestion of plasmid pBR322 with AvaI and EcoRI, followed by Klenow polymerase treatment. Plasmid pRM1, which has a backbone of the pBluescript plasmid, was then digested with KpnI and SacI to obtain a 3.2-kb fragment which consists of a truncated 1.8-kb hlyA gene disrupted by a 1.4-kb tetracycline fragment. This 3.2-kb gene fragment was ligated en bloc into suicide plasmid pKAS46 (25) to generate plasmid pRM2. This was transformed into E. coli S17-1pir and then transferred by conjugation into E. coli SM10-pir, which is a good donor for conjugation with V. cholerae. E. coli SM10pir harboring pRM2 was mated with V. cholerae CO848b-str and plated on Luria agar with streptomycin (1 mg/ml) and tetracycline (2 g/ml). This process selected for V. cholerae that had acquired the mutated hlyA gene in plasmid pRM2. Exponential-phase cultures of the donor E. coli SM10pir harboring the recombinant plasmid and recipient V. cholerae CO848b (Str r ) strains were mixed in the ratio of 1:10, concentrated by centrifugation (300 ϫ g, 5 min), and spread on cellulose acetate filters (Millipore) on nutrient agar plates. After incubation for 4 h at 37°C, the cells were resuspended in 10 ml of saline (0.9% [wt/vol] NaCl) and plated on Luria agar with tetracycline (2 gm/ml) and streptomycin (1 mg/ml). After homologous recombination, only those V. cholerae strains survived which had retained the hlyA tet insertion allele by allelic exchange. PCR with primers specific for the hlyA gene was performed to confirm that allelic replacement had occurred, and the isogenic strain thus generated was tested for cell vacuolating and hemolytic activities.
RESULTS
A total of 110 nonepidemic strains of V. cholerae belonging to different serogroups isolated from diarrheal patients from different parts of India were tested for their effects on a eukaryotic cell line. These strains lacked the ctx, zot, and ace genes that are characteristic of the epidemic strains. When grown in AKI medium at 37°C for 16 h, the culture supernatants of 18 of the 110 strains (Table 1) , each belonging to a different serogroup, caused vacuolation in nonconfluent HeLa cells (Fig. 1) . Generally, the vacuoles appeared 8 h after introduction of the culture supernatant and became prominent after 18 h of incubation. The vacuoles remained for 48 h, after which the cells died. Some vacuoles took up neutral red, while others did not (data not shown). Neutral red uptake indicates the nature of the vacuolar microenvironment; thus, some vacuoles were acidic, while others were basic.
To further characterize the vacuolating factor, we used V. cholerae strain CO848b, which had the highest titer of vacuolating activity CO848b (Table 1) . First, concentrated culture supernatants of strain CO848b were incubated at various temperatures. Incubation at 60°C for 10 min completely abolished the cell vacuolating activity, whereas incubation at 50°C did not. The vacuolating activity also decayed slowly (fourfold decline after 1 week). Treatment of the supernatant with proteinase K-beads showed that the vacuolating factor was sensitive to proteases, thereby indicating that it was proteinaceous.
Culture supernatants of strain CO848b obtained after Amicon membrane concentration of Ͼ50 kDa showed vacuolating activity, which was then loaded onto a Sephacryl S-200 chromatographic column for further purification. Fractions eluting just after the void volume were found to have a high vacuolating titer, which also coincidentally showed high hemolytic activity. Coelution of fractions showing vacuolating and hemolytic activities thus prompted an antibody neutralization study with anti-El Tor hemolysin antiserum of V. cholerae and antiVacA antiserum of H. pylori. The neutralization study showed that the cell vacuolating effect was completely neutralized by anti-El Tor hemolysin antibody but not by anti-VacA antibody (data not shown), which suggested that the vacuolating factor was related to the hemolysin of V. cholerae. We then PCR amplified the hlyA gene from the strain CO848b by using primers designed from the known El Tor sequence, cloned the gene into pBluescript, to generate plasmid pRM, and transformed this plasmid into E. coli DH5␣. Culture supernatants of these E. coli transformants did not elicit vacuolation on cultured HeLa cells, whereas lysates of the same culture did, albeit at a lower titer (sixfold) compared to V. cholerae CO848b (Table 2) .
To test the idea that the Hly protein is responsible for the observed vacuolating activity, we made an hlyA-negative mutant derivative of V. cholerae. This entailed inserting a Tet r gene into the cloned hlyA gene in E. coli, moving the mutant allele to a shuttle suicide vector plasmid, and from there moving it to the V. cholerae chromosome by conjugation (E. coli donor strain harboring this plasmid with V. cholerae recipient) and selection for exconjugants that had received the hlyA insertion marker (Tet r ) (the result of homologous recombination resulting in allelic replacement and loss of the suicide vector). To check for the positive clones, genomic DNA was isolated from the antibiotic-resistant colonies, and a PCR was done with two sets of primers. In the first set of PCRs with primer pair hlyA (forward) and hlyA (reverse), the wild-type colonies generated a 2.2-kb product, whereas plasmid pRM2 and the antibiotic-resistant colonies generated 3.2-kb product (lanes 2, 3, and 4, respectively; Fig. 2 ). The antibiotic-resistant colonies were thus V. cholerae colonies with the hlyA gene disrupted by tetracycline gene fragment. The second set of PCRs was carried with primer pair hlyA (forward) and hlyB (reverse), the latter being a gene adjacent to the hlyA gene (15) . This reaction generated a 3.3-kb product for the wild-type colonies and 4.3-kb product for the antibiotic-resistant colonies (lanes 5 and 6, respectively; Fig. 2 ). These PCR results proved that the homologous recombination event took place, leading to the construction of an isogenic V. cholerae hlyA::tet strain. The cell-free culture supernatant of the hlyA mutant strain was devoid of both cell vacuolating and hemolytic activities ( Table  2 ). This experiment established that cell vacuolation is caused by the El Tor hemolysin of V. cholerae.
DISCUSSION
The demonstration that the V. cholerae hemolysin exhibits vacuolating activity on nucleated mammalian cells is interesting for several reasons. First, only a few other bacterial toxins with vacuolating activity have been identified to date. Second, by demonstrating that hemolysin induces vacuolation in nucleated mammalian cells, the current study raises the possibility that this toxin might contribute to gastrointestinal symptoms associated with some V. cholerae infections, particularly infections involving V. cholerae strains that do not express wellestablished enterotoxins (e.g., CT). Third, if V. cholerae hemolysin can affect intestinal cells, this effect might help explain the mild gastrointestinal effects noted when human volunteers are given V. cholerae vaccine strains that have been attenuated for expression of established enterotoxins.
Unlike H. pylori VacA-induced vacuoles, only a fraction of the V. cholerae vacuoles took up neutral red dye. However, it must be mentioned that there is no amino acid sequence homology between V. cholerae El Tor hemolysin and VacA of H. pylori. This diversity in V. cholerae relative to the uniformity for H. pylori neutral red dye uptake indicates a difference in the vacuolar microenvironments induced by these two gastrointestinal pathogens. While characterizing the cell vacuolating activity in the Indian V. cholerae strains, a separate analysis of a probably similar vacuolating activity of Mexican nonepidemic V. cholerae strains on Vero cells had implicated hlyA (P. Figueroa and D. E. Berg, unpublished data). These preliminary data then prompted us to test whether the hlyA was the only determinant responsible for the vacuolating activity. The hlyA structural gene from the test strain CO848b was PCR amplified and cloned in E. coli DH5 cells. The cloned gene product in E. coli DH5 induced cell vacuolation in a cellassociated form, which may be due to the lack of an effective transport machinery to export the HlyA protein. We then generated an hlyA null insertion mutant derivative of strain CO848b, which was unable to induce cell vacuolating effect on HeLa cell and did not show the hemolytic effect in rabbit red blood cells. This conclusively established the role played by hemolysin in cell vacuolation. However, only 15% of the 110 strains of V. cholerae exhibited the vacuolating activity, even though all of them had the hlyA gene. Possibly, the vacuolating factor of the remaining strains was produced in amounts that could not be detected by our HeLa cell assay. On the other hand, the protein may have had a different host cell specificity since HeLa is not an intestinal cell line. An earlier report had linked cell vacuolation to a heat-labile protease-sensitive vacuolating cytotoxin in stool samples of Italian children with diarrhea (13) . However, no organism was isolated from the stool samples, and thus the agent responsible for this activity was not determined.
Production of the El Tor hemolysin was the basis of differentiation between classical and El Tor biotypes of V. cholerae O1 when the El Tor strains appeared in 1961, but over the years this test has lost its significance because recent isolates of the El Tor biotype and also the O139 Bengal strains do not produce El Tor hemolysin, although the gene is present in all El Tor O1 and O139 strains of V. cholerae. It is not certain why Although, we have been studying the morphological alterations in cell lines induced by culture supernatants of V. cholerae strains, we noticed that only 15% of strains induced a vacuolating effect. The presence of CT in toxigenic V. cholerae strains may obliterate the cell vacuolating effect, which may have led to the conclusion that toxigenic V. cholerae strains do not produce cell vacuolating factor but, interestingly, CO853, a nontoxigenic O139 strain, induced cell vacuolation. V. cholerae clinical isolates have also been reported to produce a cytotoxin (cell-rounding factor) which induces rounding of cultured HeLa cell line (17, 22) . The exact mechanism of how the El Tor or hemolysin induces vacuolation was not studied here, but it can be inferred that intoxication of cells with mature hemolysin after the action of cell protease on the prohemolysin moiety leads to the dramatic vacuolation in the cell cytoplasm.
Like V. cholerae, Aeromonas hydrophila also secretes a poreforming cytotoxin known as aerolysin which causes vacuolation in BHK cells (1) . A phenotype similar to that of aerolysininduced vacuolation has also been observed with Serratia marcescens hemolysin (ShlA) (8) . Both hemolysin and aerolysin form pores in the lipid bilayer, and most studies have been focused on the mechanism leading to membrane insertion and pore formation by using artificial membranes as well as erythrocytes (5, 22) . The mechanism by which nontoxigenic (CT Ϫ ) nonepidemic strains of V. cholerae (often associated with sporadic diarrhea) cause secretory diarrhea is unknown and remains a great mystery. It is interesting to speculate that the vacuolation seen here is critically important to this process by ways not clearly discerned thus far. a V. cholerae and E. coli DH5␣ were grown in 50 ml of AKI medium, and the cell-free culture supernatant was concentrated 50-fold by ultrafiltration and then added to nonconfluent HeLa cells. The bacterial pellet obtained from recombinant E. coli DH5␣(pBSC-hlyA) grown in 50 ml of Luria-Bertani medium was sonicated, and then the cell sonicate was added to HeLa cells.
b Str r , Streptomycin resistant; hlyA::tet, hemolysin gene disrupted by tetracycline gene; pBSC-hlyA, plasmid pBluescript with cloned hemolysin (hlyA) gene. c A value of Ͻ2 depicts no vacuolating or hemolytic activities.
